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Summary. Theoretical axion models state that axions are very weakly interacting 
particles. In order to experimentally detect them, the use of colorful and inspired 
techniques becomes mandatory. There is a wide variety of experimental approaches 
that were developed during the last 30 years, most of them make use of the Primakoff 
effect, by which axions convert into photons in the presence of an electromagnetic 
field. We review the experimental techniques used to search for axions and will give 
an outlook on experiments planned for the near future. 



1 Searches for Dark Matter Axions 



As described in the review by P. Sikivie on cosmological axions in Chap. 
??, axions produced in the early universe with a mass ranging from |j,eV to 
meV could account for the cold dark matter component of the universe and 
therefore an experimental evidence for axions in this mass range would be of 
great interest nowadays. Microwave resonant cavity experiments are the most 
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Fig. 1. Schematic principle of the microwave cavity experiment to look for cold 
dark matter axions. First an axion would be resonantly converted into a quasi- 
monochromatic photon in the magnetic-field permeated microwave cavity. Then an 
ultra-low-noise receiver is set to detect this photon as an excess on the cavity power 
output 



sensitive detectors for cold-dark matter axions at present. The heart of such a 
device is a metallic conductor which acts as a cavity for electromagnetic fields 
such as photons. By tuning the size of the magnetic-field permeated cavity its 
resonant frequency can bo shifted such that it matches the frequency of the 
axion field (which is related to the axion mass). In this case axions will convert 
resonantly into quasi-monochromatic photons which could be detected with 
sensitive microwave receivers as an excess on the; cavity power output. In Fig. 
1 the schematic working principle of this kind of detectors is shown. 

The signal obtained would carry information not only about the axion 
mass, but also about the axion distribution in the galactic halo, as its width 
would represent the virial distribution of thermalized axions. Furthermore, the 
signal may also posses a finer substructure due to axions that have recently 
fallen into the galaxy and have not yet thermalized, as shown in Fig. 2. Again 
the reader is refered to Skivie's review for a more detailed description of the 
axion distribution in the galactic halo. 

Due to the; very low mass range of the dark matter axion, the expected 
signal is minuscule and therefore the sensitivity of the experiment crucially 
depends on the quality of the microwave receivers (see Chap. ?? by Carosi 
and van Bibber). In the 80s two pioneering experiments were carried out 
at Rochester-Brookhaven-Fermilab (RBF) (1) and the University of Florida 
(UF) (2) using small volume cavities (~ 1 1) and HFET amplifiers, but their 
sensitivities were lacking by two or three orders of magnitude the sensitivity 
necessary to probe the theoretically motivated region in the axion parametric 
space. 

An improvement in the sensitivity lead to the second generation experi- 
ments such as ADMX (3) which is currently taking data with a bigger resonant 
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Fig. 2. Left: Representation of the signal expected in a microwave cavity experiment, 
where the photon signal appears as an excess over the noise in the power frequency 
spectrum. The width of the signal would be related with the predicted ax;ion halo 
velocities. Right: Zoom showing the possible fine structure details in the expected 
signal 



cavity as the precedent experiment, but still making use of the HFET am- 
plifiers. Their results are compatible with the absence of any axion signal, 
providing the best upper limits for the axion to photon coupling constant 
Qa-y-y in the lowest mass range [nia ~ 10~^ — 10~^ eV, see Fig. 26). A new am- 
plifier technology based on Superconducting Quantum Interference Devices 
(SQUID), currently under development, can further improve the sensitivity 
of ADMX, such that it is possible to probe the theoretically favoured axion 
parameter range ( see Chap. ?? and Fig. 26). 

Another second generation experiment is the CARRACK experiment in 
Kyoto (4). They also use a resonant cavity to produce the axion-converted- 
photons, but the signal detection is based on a Rydberg atom single- quantum 
detector, providing an extremely low-noise photon counting capability. This 
experiment is still in the development phase. 



2 Solar Axions Searches 

As seen from the Earth, the most important and strongest astrophysical source 
for axions is the core of the Sun. There, pseudoscalar particles like axions 
would be continuously produced in the fluctuating electric and magnetic fields 
of the plasma via their coupling to two photons. After production the axions 
would freely stream out of the Sun without any further interaction (given that 
the axion mean free path in the Sun is g^^ 6 x 10^'* cm for 4kcV axions 
this is a valid assumption). The resulting differential solar axion flux on Earth 
would be (5) 

^ = 6.02 X IQio cm-2 s'^ keV-^s?^ ^2.48ig-i=;/i.205 _ 
Here we define gio = 5077/10"^° GeV~^. 
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Fig. 3. Left: 2D representation of tlie axion surface luminosity seen from tlie 
Earth (5) as a function of the solar radius and the axion energy. Right: Comparison 
of the solar axion flux calculated using an older version of the standard solar model 
from 1982 (dashed line) and a more recent version from 2004 one (solid line) (6). 
Here an axion-photon coupling constant of 1 x 10"^'' GeV~^ is assumed 



The spectral energy distribution of the axions follows a thermal energy distri- 
bution between 1 and lOkeV, which peaks at « 3keV as shown in the right 
part of Fig. 3. For comparison two different solar axion spectra are shown in 
Fig. 3, calculated from different versions of the standard solar model (SSM): 
the solid line corresponds to a more recent implementation of the SSM from 
2004, while the spectrum plotted as a dashed line is based on an older version 
published in 1982 (5; 6). It is evident that small changes of the underlying 
SSM have only a small influence on the axion flux and the corresponding 
shape of the axion energy spectrum. In the following we will summarize dif- 
ferent techniques which aim to directly detect "solar axions" . 

2.1 Axion Helioscope 

The most sensitive axion experiments at present in the mass range of 10~^ eV < 
'^a ^ 1 eV are so called "axion helioscopes", i.e., magnetic solar telescopes. 
The underlying physical principle of such a telescope is based on the idea pro- 
posed by P. Sikivie in 1983 (7) and is illustrated in Fig. 4. If we assume that 
axions are produced in the Sun, they would reach the Earth after about 500 s 
as an almost parallel axion beam (the apparent diameter of the axion emission 
region on the solar disk is « 0.1°). The apparatus for the detection on Earth 
uses the time reversed Primakoff effect, i.e., a + 7virtuai 7, where the axion 
interacts with a virtual photon provided by a transversal magnetic field and 
reconverts into a real photon. These "reconverted" photons have the same 
energy and momentum as the axion, and therefore their energy distribution 
is identical to the energy spectrum of the solar axions shown in Fig. 3. An 
X-ray detector placed on the end side of the magnetic field would collect the 
photons and search for an axion signature above detector background. The 
expected number of reconverted photons reaching the detector for the given 



Experimental Axion Searches 5 




Fig. 4. Working principle of an axion helioscope. Axions produced in the Sun core by 
the PrimakofF effect would be converted back into photons in a strong magnetic field. 
Eventually these photons, which have the same energy spectrum as the incoming 
axions, could be collected by a X-ray detector placed a the end of the magnet field 
area 

differential solar axion spectrum is 



Here d<l>a/dE is the differential axion flux at the Earth, S the magnet bore 
area, t the measurement time, and Pa^-y the conversion probability of an 
axion into a photon. To maximize t the magnet is mounted in a similar way 
as conventional telescopes, such that it can follow the track of the Sun on the 
sky. 

The number of photons leaving the magnetic field towards the detector 
is determined by the probability that an axion converts back to a "observ- 
able" photon inside the magnetic field, assuming that the conversion volume 
(magnetic field area) is evacuated, the probability is given by 



where B and L are the magnet field strength and length of the field, and 



is the longitudinal momentum difference (or momentum transfer) between 
the axion and the photon of the energy E^. In order to achieve a maximum 
conversion probability Pa^-y (constructive interference) , the axion and photon 
fields must remain in phase over the length of the magnetic field, this sets the 
requirement that qL < w (8; 10). Thus, the sensitivity of a helioscope is limited 
to a specific axion mass range for a given q. For increasing axion masses the 
conversion is suppressed by the momentum mismatch between the axion and 
the photon, namely due to the form factor (1 — cos{qL)) / (qL)"^ in (3). 

Coherence can be restored for higher axion masses by filling the magnetic 
conversion region with a buffer gas (10), such that the photons inside the 




(2) 





q = ml/2E. 



(4) 
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magnet pipe acquire an "effective mass" (which is equivalent to a refractive 
index n). Consequently the wavelength of the photon can match that of the 
axion for an appropriate gas pressure and coherence will be preserved for a 
narrow axion mass window. In this case the transition probability Pa->7 has 
to be recast into the more general equation (10) 

Pa^. - (%^)' ^^TTVit^ + - 2e-"^/^cos(,L)] . (5) 

Here F is the absorption coefficient for the X-rays in the medium and the 
momentum transfer becomes 



2Ea 



with the effective photon mass 



(6) 



(7) 

where Ug is the number density of electrons in the medium and me the electron 
mass. The second expression in (7) is a more convenient representation for m-y 
giving the dependence of m,y on the atomic number Z of the buffer gas, its 
mass A, and its density g in gcm~'^. Since Helium is the type of gas commonly 
used for this purpose (7) can be further simplified to 




m,(eV) . ^0.02^1^^ , (8) 

when we use the corresponding parameters A, Z, and g for Helium and treat 
Helium as an idc^al gas. This equation directly relates rr?,, to the measured 
experimental parameters, i.e., the pressure P and temperature T of the gas 
inside the magnetic field region. For a specific pressure P and temperature 
T, the coherence is restored for a narrow axion mass window, for which the 
effective mass of the photon matches that of the axion such that 



qL <Tr \/m'^ ^ < rUa < \l m,"^ -\ ^ . (9) 



— <m„<ym2 + — 

The differential energy spectrum of the photons from axion conversion follows 
from (1) and (3). Assuming full coherence it can be approximated analytically 

by (5) 

dE " dE 

= 0.088 cm-2 day-i keY-'gioE^-''^'e-^/'-^°' ( — ^ . (10) 

It is obvious that the resulting low photon count rates from (10) require 
background optimized detectors in order to achieve a reasonable detection 
sensitivity with an axion helioscope. 
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Fig. 5. Experimental setup of the CAST experiment at CERN. Prom the left to 
the right the Helium cryogenic system, the CAST superconducting magnet, and the 
tracking system is shown. The tracking system allows to follow the Sun 1.5 h per 
day during sunrise and sunset 



Helioscope Implementations 

The first axion helioscope was built at the beginning of the 90s (8), using 
a 180 cm long magnet powered with a 2.2 T transverse magnetic field. As a 
detector a proportional counter operating with a gas mixture of argon and 
methane (90% to 10%) was used to collect the photons from axion to photon 
conversion. The helioscope could be pointed to the Sun for a period of « 
15 minday""^. Two different regions of the axion mass range (with and without 
a gas in the conversion volume) were explored with this setup, setting the 
following limits on Qa-y-y and nia in the absence of a signal 

Qaj-y < 3.6 X 10"^ GeV"^ for m„ < 0.03 eV , 

Qaj-y < 7.7 X lO"'' GeV"^ for 0.03 eV < rua < 0.11 eV . 

In the late 90s a new helioscope with improved sensitivity (2.3 m long magnet, 
4T) was built in Tokyo (11). For this experiment sixteen PIN photodiodes 
were used as X-ray detectors and the superconducting magnet was fixed on 
a polar mount, allowing the system to follow the Sun in a range from —28° 
to +28° in declination and 360° in right ascension. Due to the better track- 
ing system, the Tokyo helioscope was able to follow the Sun for 24 h a day 
and the observation time of the Sun could be significantly improved. In total 
the Tokyo collaboration was able to use about 50% of the duty cycle of their 
instrument to track the Sun, while the rest of the time was devoted to back- 
ground measurements. Similar to the first approach of (8), the experiment was 
divided into two phases, the first phase was finished in 1997 with an evacuated 
conversion region and the second phase in 2000 when the magnet pipe was 
filled with helium gas in order to extend the sensitive axion mass range. The 
resulting upper limits on Qajj from both data taking periods are (13; 12) 
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Qa-y-y < 6 X 10"^° GeV"^ for rua < 0.03 eV , 
ga^-f < 6.8-10.9 X 10"^° GeV"^ for < 0.3 eV . 



(12) 



The so far most sensitive implementation of an axion helioscope is operat- 
ing at present at CERN, the CERN Axion Solar Telescope (CAST). It was 
built in 2002 by refurbishing a 9.26 m long prototype of a twin aperture LHC 
dipole magnet. The two parallel pipes of the magnet, with a bore area of 
A = 14.5 cm^ each, are homogeneously interspersed by a transverse dipole 
magnetic field (see Fig. and 5 (14)). The maximum magnetic field that can 
be achieved with this prototype magnet is w 9 T. The magnet is mounted on 
an azimuthal moving platform that allows to track the Sun for 1.5 h (±8° in 
height and « 100° in azimuth) during sunrise and sunset. To detect the ax- 
ions, three different types of detectors are attached to the ends of the magnet 
pipes: a gaseous detector with a novel MICRO MEG AS readout (15) and an 
X-ray telescope with a pn-CCD chip as focal plane detector (16) to detect 
axions during sunrise, and a Time Projection Chamber (TPC) which covers 
the opposite end of the magnet pipes, ready to collect axions during sunset 



CAST has taken data with the conversion region being evacuated during 

the years 2003 and 2004. In the absence of any axion signal, an upper limit 
on the axion to photon coupling constant has been established to (5; 18) 



at the 95% confidence level. This result is the best laboratory limit from a 
helioscope achieved so far. It covers a broad range of masses and supersedes 
the so far best limit from astrophysical considerations that was derived from 
the evolution of horizontal-branch stars in globular clusters (19; 20). During 
2005 the configuration of the CAST experiment was upgraded, ready to jump 
into the second phase of the experiment, when the magnet pipes are filled 
with ^He or ^Hc gas. In this configuration CAST will be able to expand its 
sensitivity to a maximum axion mass of ~ 1.1 eV. CAST is scheduled to take 
data in this configuration during 2006 and 2007. 

2.2 Bragg Diffraction 

Another interesting and completely different approach to detect solar axions 
was proposed by E. A. Paschos and K. Zioutas (21). This detection princi- 
ple uses the intense Coulomb field of nuclei in a crystal lattice instead of an 
external magnetic field to convert axions to photons by the Primakoff effect. 
A crystal can either be used simultaneously as an axion converter and detec- 
tor or to build a "reflective parabolic antenna" covered with a thin film of 
crystals which focus the resulting photons from axion to photon conversion 
on a detector in their focal plane. Background optimized solid state detectors 
(e.g., Nal or Ge) generally used for WIMP searches or in double beta decay 



(17). 



Qa-y-y < 0.88 X 10-1° GeV-1 for < 0.02 eV , 



(13) 



Experimental Axion Searches 9 




Fig. 6. Schematic view of different lattice layers in a crystal. The axion wave enters 
the crystal under the angle &. If the Bragg condition is fulfilled the outgoing pho- 
ton waves reflected from different lattice layers would interfere constructively and 
enhance the expected signal 



experiments provide excellent performance to implement the first type of a 
crystalline axion detector. 

To calculate the probability for axion conversion, the mass of the axion 
can be considered as negligibly small compared to the mass of the nuclei in 
the crystal, thus recoils of the nuclei can be neglected during the conversion 
process. In this case the energy of the outgoing photon would be equal the 
energy of the incident axion. The differential cross section for this conversion 
is given by (21) 

S = |S^^W^i.'(2e). (») 

Here 20 is the scattering angle and Fa a form factor which describes the 
atomic structure of the crystal. The form factor Fa can be calculated from 
the Fourier transformation of the electrostatic field ??(x) in the crystal (22) 

Fa{q)^k^ J ^{^)e'^-^d''x , (15) 

with the transfered momentum = |q| = 2A;sin(0) and the axion momentum 
k = |k| ~ Ea- Using the Sun as an axion source, the expected mean energy of 
the solar axions would be of the order of ~ 4keV (see Fig. 3). Thus the wave 
length of the axion A is similar to the lattice spacing d of the crystal (w few A) , 
consequently we would expect a Bragg-reflection pattern. If a Bragg pattern 
arises, the intensity of the X-rays leaving the crystal has a maximum if the 
Bragg-condition 

2(isin(6'Bragg) ( 1 . " — -)=toA with m = l,2,3,..., (16) 

V Sm (6>Bragg)/ 

is fulfilled. Here we use n for the refractive index and d for the lattice spacing 
(compare Fig. 6). From (16) it is obvious that constructive interference will 
occur only if the waves reflected by different lattice layers are in phase. This 
is equivalent to the requirement that the path length of each photon wave 
leaving the crystal has to be equal to an integer multiple of its wavelength. 
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The constructive interference then leads to an enhancement of the expected 
signal of the order of 10^ compared to a scattering off a single atom in the 
crystal (21). 

For a detector with a fixed orientation of its crystalline lattice relative to 
the Earth's surface the angle 0, which is basically the angle between the line 
of sight towards the Sun and the crystalline lattice, would change during the 
course of the day when the Sun moves across the sky. Hence, the expected 
photon signal would have a well defined temporal signature since the Bragg 
condition is only satisfied for specific times during the day. This signature 
makes a potential signal clearly distinguishable from the detector background. 

It was shown by (22) that the maximum achievable sensitivity for an 
upper limit on ga-y^ with this kind of detection technique is of the or- 
der of ga^y-y < 1 X 10-9 GeV"^ using a 100 kg DAMA like Nal detector 
(23), assuming an observation time of 2 years, and a detector background of 
2 counts kg- ^ day-^ keV-^. It is obvious from this estimate, that axion detec- 
tion with crystals based on Bragg reflection is not competitive to, e.g., axion 
helioscopes or astrophysical observations in terms of sensitivity with respect 
to ga-yy An alternative and more effective detector configuration would be a 
large surface parabolic reflector ("mirror") or an array of reflectors covered 
with a thin crystalline layer (21). In addition polar crystals (ferroelectric) 
materials can improve the sensitivity, since they provide stronger microscopic 
electric flelds (21). Nevertheless, the Bragg reflection technique has a major 
advantage, its sensitivity docs not dependent on the mass of the axion, as long 
as nuclear recoils can be neglected. 

Two different collaborations, COSME (24) and SOL AX (25), both using 
Germanium detectors with the main purpose of searching for Dark Matter 
WIMPs, analyzed their data looking for an axion signature. Both experi- 
ments were able to yield very similar mass-independent bounds to the axion 
to photon coupling in the absence of any signal 



using Nal(Tl) crystals as detector material. 
2.3 Geomagnetic Axion Conversion 

It has recently been shown by (28) that Geomagnetic Conversion of Solar 
Axions to X-rays (GECOSAX) can yield a photon flux which is measurable 

by a satellite based X-ray observatory on the dark side of the Earth. A key 
ingredient of this idea is to use the Earth as an X-ray shield and look for axions 



gayy < 2.7 X 10-9 GeV-^ (SOLAX) , 
gayy < 2.8 X 10-9 GeV-^ (COSME) . 



(17) 



The DAMA collaboration (26) achieved a similar limit 



gayy < 1-7 X 10"^ GcV"^ (DAMA) , 



(18) 
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Fig. 7. Tlie observational setup to detect geomagnetic converted axions 
(GECOSAX). The Sun is used as an axion source and a satellite based X-ray ob- 
servatory to detect the photons from geomagnetically converted axions. The Earth 
acts as a shield for direct X-rays coming from the Sun and other X-ray sources on 
the sky 

on its dark side. Using the Earth as a "shield" towards the Sun, effectively 
removes the solar X-ray background (see Fig. 7 for a schematic representation 
of this setup) . In the following section, the feasibility of such an experiment 
will be demonstrated, based on recent measurements of the dark-Earth X-ray 
background by the Suzaku satellite. 

The radius of the Earth is w 6.4 x 10^ km and its magnetic field 
is well approximated by a dipole for distances less than 1000 km above the 
surface. The magnetic field strength at the equator is ~ 3 x 10~^ T and 
it drops as cx l/r^ (58). However, over distances L ^ above the Earth's 
surface, it can be assumed that = const. As we are interested in low 
Earth orbits {L < 1000km), this is a valid assumption (28). The influence of 
the atmosphere of the Earth is negligible, since for L > 150 km solar axions 
essentially travel in vacuum. For an axion mass < 10~* eV, a mean axion 
energy Ea = 4: keV, and a satellite orbit of ~ 600 km, the axion to photon 
conversion probability can be approximated as 

Pa^^iL) = i {ga^-,BLf , (19) 

where (7077 is the coupling strength of the axion to the photon. To be able 
to compare the expected axion flux in a specific energy range with available 
data, the spectrum given by (1) is integrated over the energy range of 2 to 
7 keV to find the solar axion flux at Earth to be 

<Pa ~ 2.7 X 10"(.ga7/10"^° GeV"^)^ cm'^ s"^ . (20) 

Thus, using (19) the expected flux of X-rays from axion to photon conversion 
at an altitude of near the equator for ga-y — 10~^° GeV~^ and B — B^ is 
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Fig. 8. Dark-Earth background measured by Suzaku based on a SOOksec long 
observation. Individual fluorescent emission lines originating in detector materials 
are marked (30) 

^^(Le) = Pa^jM « 3 X 10-^ cm-2 s'^ . (21) 

Based on the published technical specifications (27) of the Rossi X-ray timing 
explorer (RXTE), (28) have estimated that the flux given by (21) can be 
detected on the dark side of the Earth. 

Hovifever, recently the Suzaku X-ray satellite team has measured the dark- 
Earth X-ray background in the range of 2 to 7keV for calibration purposes 
(29). Suzaku has a circular orbit at 575 km with an inclination of 33°. Un- 
fortunately, the Suzaku satellite does not provide a fast slew rate and thus 
cannot perform this kind of measurement. However, as will be shown below, 
a telescope, capable of tracking the solar core on the dark side of the Earth 
and with similar X-ray detection capabilities will be sensitive to axion-photon 
couplings Qaj-y far below the current existing laboratory and astrophysical 
bounds for axion masses nia < 10~^ eV. 

The expected signal from axion to photon conversion has several distinct 
features which will allow to clearly distinguish it from the detector back- 
ground. These features are 

1. a thermal like spectral distribution of X-rays peaked at approximately 
4keV, on the night side of the Earth, 

2. the X-rays would only come from the center of the Sun, which subtends 
approximately 3' on the sky, 

3. the observed X-ray intensity would vary with the magnetic field strength 
and thus with the orbital position of the satellite and its orientation rel- 
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Fig. 9. The shaded area schematically depicts the CAST 95% C.L. excluded re- 
gion (5). The lines show sensitivities obtainable with the background measured by 
Suzaku 

ative to the Earth's magnetic field (pointing direction of the satellite), 
and 

4. the signal would be modulated with the Sun-Earth distance, resulting in 
an annual modulation of the intensity of the signal. 

To estimate the sensitivity of Suzaku for solar axion detection, the effective 
area of the Suzaku detector was assumed to be « 300 cm^ in the 2-7 keV 
range (29). The expected dark Earth background of the Suzaku XIS detector 
per unit area is presented in Fig. 8 (30). Given the above effective area, the 
« 1' resolution of the X-ray telescope and the Suzaku dark Earth background 
data, the measurement of the X-ray flux from solar ax;ion conversion is clearly 
feasible. The Suzaku team estimates that with 3 x 10^ s of data, a 4(t bound 
Qa-y-y < 10~^°GeV~^ would have been possible (29). Based on the Suzaku 
background data (29), the sensitivity of a solar-core- tracking X-ray telescope 
is plotted as a function of m„ in Fig. 9. The Earth-occulted background can 
in general be measured in situ, by pointing the X-ray telescope away from the 
direction of the core of the Sun. The observation of such a signal amounts to 
viewing an X-ray imago of the solar core through the Earth. Therefore, this 
method can achieve an unambiguous detection of solar axions. In summary, 
for solar axions with nia < 10~^eV, an orbiting X-ray telescope, with an 
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effective area of a few 10^ cm^, can probe solar axion Qa^^ well beyond the 
sensitivity of current laboratory experiments. 

3 Seeirches for Laser Induced Axions 

In this section, a new generation of purely laboratory based experiments which 
are able to provide complementary results to solar axions searches, will be 
briefly introduced . Whereas the solar axion experiments, described in the 
previous sections, probe axions which would escape from the Sun, the ex- 
periments presented in the following arc supposed to produce axions from 
polarized laser beams, propagating in a transverse magnetic field. Yet the 
mechanism for both, the production and detection, is the same as in the pre- 
viously described experiments: the PrimakofF effect. 

Searches for laser induced axions provide a fully model independent ap- 
proach, since they do not rely on the physical processes and conditions in the 
Sun and how axions or axion-like particles could be produced under these 
conditions. They can be viewed as fixed target type experiments, with low 
energy polarized photon beams colliding with virtual photons provided by 
the magnetic field, i.e., 7 + 7virtuai a- By pushing the optical detection 
techniques up to the present state-of-art, a significant enlarged domain of ax- 
ion mass and axion di-photon coupling constant, not yet explored with laser 
based experiments, is expected to be probed with photons, typically in the 
energy range of a few eV. In addition, laser based experiments are not only 
focused on the axion search, but offer also a broad band of scientific interests, 
starting from a precise new test of QED up to the search of any scalar, pseudo- 
scalar, or other particles like paraphotons or millicharged particles that can 
couple to photons. In general, laser based experiments can be divided into two 
categories, 

• the so called "photon regeneration" or "light shining through a wall" ex- 
periments and 

• experiments that probe the magneto-optical properties of the vacuum. 
3.1 Light Shining Through a Wall 

The light shining through a wall or photon regeneration principle was first pro- 
posed by (31) in 1987 (for an independent proposal of this type, see (9)). The 
basic idea of this experiment is shown in Fig. 10. A polarized laser beam prop- 
agates inside a transverse magnetic field (with E || B). The laser is blocked by 
a wall at some point of its path, such that only weakly interacting pseudoscalar 
or scalar particles created before will be able to pass through this absorber. 
The conversion probability for the production of an axion-like particle in this 
case is given by 

-{ga^^BLf F{qL) , (22) 
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Fig. 10. Schematic view of a photon regeneration or light shining through a wall 
experiment. A polarized laser beam enters a transverse magnetic field from the left. 
A small fraction of the laser photons can be transmuted to, e.g., axions. While the 
laser light is blocked by a thick absorbing wall, the axions would pass it. A second 
magnetic field behind the wall is used to reconvert the axions to photons which are 
finally detected (31) 



were F{qL) is the form factor given by (3). A fraction of these weakly interact- 
ing particles will turn back into detectable photons after they have passed the 
wall and enter the second magnetic field, called "Axion Detector" in Fig. 10. 
The total probability to observe a regenerated photon with a detector located 
at the end of the second magnetic field is 

The expected comrting rate depends on the power of the laser P and can be 
enhanced by an optical cavity installed on the production side. If the total 
number of reflections in the primary magnet is N,- and the detection efficiency 
is rj, then the total number of counts expected from reconversion calculates 
from (32) 

dNj I {P)N, + 2 . ^ .4 . 2(mlL\ ,(mlL\^ . ^, 

^ = 16— ^^('^--^^^ [-^j'y:^) 

1 {P)N, + 2 



16 oj 



7j{ga^^BL)\ (25) 



where the approximation (25) is valid only for rUa <C y/2jTiJ/L. 

The pioneering experiment based on this technique was performed by the 
Brookhaven-Fermilab-Rutherford- Trieste (BFRT) collaboration. They used 
two superconducting dipole magnets of length L = 4.4 m which were able 
to provide a magnetic field of i? = 3.7 T. The optical laser with a wavelength 
of A = 514 nm had an average power of (P) = 3W and was operated in an 
optical cavity providing 200 reflections. Since no signal from photon regener- 
ation was found, the BFRT collaboration was able to set an upper limit on 
ga-n of (35) 

ga-yj < 6.7 X lO"'^ GeV (95% C.L.) , (26) 
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Fig. 11. Up: Linear Dichroism or rotation of the polarization vector by and angle 
e. Down: Linear Birefringence or induction of an ellipticity in an initially linear 
polarized beam 



for axion-like pseudoscalars with a maximum mass of 

rua < 10"^ eV . 



(27) 



3.2 Probing the Magneto-Optical Properties of the Vacuum 

The second of the purely laboratory experimental approaches to search for 
axions and axion-Uke particles is of indirect detection type. It is based on 
the theoretical prediction that scalar or pseudo-scalar particles can affect the 
polarization of light propagating in vacuum through a transverse magnetic 
field B because of their coupling to photons (43) (see also Chap. ??). A 
light beam initially linearly polarized with an angle 6 with respect to B is 
expected to acquire a small ellipticity ^ and a small apparent rotation due 
to dispersive and absorptive processes induced by the production of spinless 
particles. Both effects are usually referred to as birefringence and as linear 
dichroism of the vacuum and are characterized by 



sin{29) 



Ok N 



16 M2 



sin(26i) , 



(28) 



(29) 



in the limit m\L/Au: <C 1. Here ruA is the axion mass, M = l/ga-y-y the 
inverse coupling constant to two photons, lj the photon energy, L and N 
the effective path lengths and the number of paths the light travels in the 
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transverse magnetic field. The polarization state of the light beam leaving 
the magnetic field, characterized by (28) and (29), would manifest itself as 
a sizeable deviation from the pure QED prediction (44; 45) for which no 
measurable linear dichroism is expected. 

The photon splitting effect can also produce a differential absorption (46) , 
giving rise to an apparent angular rotation of the polarization of the order 
of 10~^^rad in a 9.5 T magnetic field over a length of 25 km. This angular 
rotation angle is far from being measurable under laboratory conditions, ex- 
cept if the coupling with scalar or pseudo-scalar particles would significantly 
enhance this effect (47). 

The vacuum magnetic birefringence predicted by the QED, corresponds 
to the dispersive effect produced by virtual electron-positron pairs as this was 
already stated by Heisenberg and Euler in 1936 (44): "Even if electromagnetic 
fields are not strong enough to create matter, they will, due to the virtual 
possibility of creating matter, polarize the vacuum and therefore change the 
Maxwell's equations". This ellipticity constitutes the background signal for 
a measurement that aims to detect a birefringence or dichroism induced by 
a spinless particle. The ellipticity expected from vacuum-polarization can be 
expressed from one loop calculation as (44; 45) 

•^^QED«Ar:^i^sin(2^), (30) 

where a ~ 1/137 is the fine-structure constant, uj is the photon energy and mg 

the electron mass. The maximum of ellipticity, a laser beam with a wavelength 
A = 1550 nm propagating in a 9.5 T field over a length NL = 25 km would 
acquire is equal to 2 x 10~^^ rad. 

A search for both effects, birefringence and dichroism, was carried out with 
the same magnets used in the BERT experiment (35) , setting a bound on the 
axion to photon coupling constant of 

5a77 < 3.6 X 10-^GeV"\ (31) 

for masses 

ma<5xlO-^eV, (32) 

at the 95% C.L. 

Very recently the Italian PVLAS experiment (33) (sec Chap. ??) has been 
taking data to test the vacuum birefringence in the presence of a magnetic 
field with aim long dipole magnet operated at a maximum field of 5.5 T, 
therefore improving the sensitivity of the previous experimental setups. For 
the first time the PVLAS collaboration has measured a positive value for the 
amplitude of the rotation e of the polarization plane in vacuum with B w 5 T 
(quoted with a 3cr uncertainty interval) (33) 



e = (3.9 ± 0.5) X 10"^^ radpass"^ 



(33) 
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Table 1. Planned laser based experiments to detect axion-like particles. The most 

important magnet and laser parameters arc shown. PVLAS, and later also OSQAR, 
will use optical cavities to enhance the number of generated ALPs. P^^-^ (PVLAS) 
denotes the probability for a photon- ALP-photon conversion for the different experi- 
mental setups based on the coupling constant derived from the PVLAS measurement 
and the BFRT limits. The last column gives the expected signal rate of re-converted 
photons 



Name 


Location 




Laser 




Magnet 


(PVLAS) 


7 Flux 




ALPS 


DESY/D 


A 


= 1064 nm 


B -- 


= 5T 


~ 10-18 


IQi s" 


1 






P 


= 200 W 


L = 


= 4.21m 








BMV 


LULI/F 


A 


= 1053 nm 


B : 


= IIT 


~ 10-21 


10 pulse- 


■1 






P 


= 500 W 


L = 


= 0.25 m 








LIPSS 


Jlab/USA 


A 


= 900 nm 


B -- 


= 1.7T 


~ 10-2*-^ 


10-1 s" 


■1 






P 


= 10 kW 


L = 


= Im 








OSQAR 


CERN/CH 


A 


= 540 nm 


B '. 


= 9.5T 


~ 10-1* 


10* s- 


1 






P 


= IkW 


Li 


= Im 
















L2 


= 13.3 m 








PVLAS 


Legnaro/I 


A 


= 1064 nm 


Bi 


= 5T 


~ 10-2* 


10-1 s- 


1 






P 


= 0.8W 


B2 


= 2.2 T 









Li = 4.21m 
1/2 = 0.5 m 



This signal can be translated to an allowed range for the mass rrib and the 
coupling constant to two photons gb^j of a neutral light pseudoscalar boson 

1 meV < rUb < 1.5 meV , 
1.7 X 10-*5 GeV-^ < giyy^ < 1 x IQ-^ GeV-^ . (34) 

Several new experiments are planned and already in progress with the goal 
to verify this signal. They are based on both experimental techniques: the 
light shining through a wall principle and the principle to test the properties 
of the quantum vacuum or a combination of both. In Table 1, a summary 
of actually planned or already operating experiments is given together with 
their performance parameters. A more detailed introduction to some of the 
experiments quoted in Table 1 is given in the following sections. 

Axion-Like Particle Search — ALPS 

A collaboration of DESY, Laser Zentrum Hannover and Sternwarte Bergedorf 

is presently setting up the Axion-Like Particle Search (ALPS) photon regener- 
ation experiment which exploits the photon beam of high-power optical lasers, 
sent along the transverse magnetic field of a superconducting HERA dipole 
magnet (34). This experiment, which has been approved by the DESY direc- 
torate on January 11, 2007, and is expected to take data in summer 2007, 



Experimental Axion Searches 19 




Fig. 12. Superconducting HERA dipole magnet exploited by ALPS for conversion 
of laser photons into axion-like particles, as well as for the reconversion of axion-like 
particles into photons 

offers a window of opportunity for a rapid firm establishment or exclusion of 
the axion-like particle interpretation of the anomaly published by PVLAS. In 
case of confirmation, it would also allow for the measurement of mass, parity, 
and coupling strength of this particle. 

The photon regeneration experiment ALPS is build around a spare dipole 
of the HERA proton storage ring at the DESY magnet test stand (see Fig. 
12). Both parts of the experiment, i.e., axion-like particle production and re- 
conversion into photons are accommodated in one single magnet, since the 
test stand architecture in its present configuration forbids to place two fully 
functional magnets in line. The general layout of the experiment is depicted 
in Fig. 13. A high intensity laser beam is placed on one side of the magnet 
traversing half of its length. In the middle of the magnet, the laser beam is 
rcflc!ctcd back to its entering side, and an optical barrier prevents any pho- 
tons from reaching the second half of the magnet. Axion-like particles would 
penetrate the barrier, eventually reconverting into photons inside the second 
half of the magnet. Reconverted photons are then detected with a pixeled 
semi-conductor detector outside the magnet. 

The magnetic field will be produced by a spare dipole magnet of the HERA 
proton storage ring (see Fig. 12). At a nominal current of 6000 A, the magnet 
reaches a field of 5.4 T over a total magnetic length of 8.82 m. In a first stage, 
ALPS will exploit a laser system delivering a linearly polarized photon beam 
with an average power of 50 W at a wavelength of 532 nm and a low noise, high 
quantum efficiency commercial CCD camera. Already with this configuration, 
the axion-like particle interpretation of PVLAS can be clarified: in this case, 
the expected counting rate is about 2 Hz. In a second stage, it is planned to use 
a commercial fiber laser (Nd:YAG) at 1064 nm which is able to deliver 200 W 
linearly polarized photons, together with a InGaAs pixel detector normally 
used in infrared astronomy. This configuration will enable ALPS to explore 
also "new territory" in the coupling vs. mass plot. 
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Fig. 13. Schematic view of the experimental setup with the laser on the left, 
followed by the laser injector/extractor system, the magnet and the detector table. 
An intensity-reduced reference beam of the laser is guided parallel to the magnet 
for constant alignment monitoring between laser and detector 



The BMV Project 

The BMV (Bhefringence Magnetique du Vide) project (42), which is being 
buih in Toulouse, France, combines very intense pulsed magnetic fields, de- 
veloped at LNCMP, and a very sensitive optical device to detect the effects 
induced on a laser beam by such fields. This device is developed at LCAR- 
IRSAMC in coUaboration with LMA- VIRGO from IN2P3 in Lyon, France. 
The goal was to assemble a first version of the experiment in 2006, and to 
obtain first results in 2007. In particular, the setup will be able to test the 
results published by the PVLAS collaboration (33). 

The BMV project is based on a Fabry-Perot cavity with a finesse of about 
1 X 10^ and a pulsed magnetic field as high as 25 T over the length of about 
one meter. The sensitivity limit for the measured ellipticity is about 4 x 10~^, 
more than 100 times the one expected with the PVLAS apparatus. In the 
final stage, the experiment will have the sensitivity to measure the vacuum 
birefringence as predicted by QED. 

The experimental setup of the optical apparatus is shown in Fig. 16. The 
light provided by a NdiYAG laser ( A = 1064 nm) laser is polarized and it is 
injected in a Fabry-Perot cavity containing the magnetic field region. The light 
exiting the cavity is analyzed by a polarizer and detected by a photodiode. 
Light refiected back by the cavity is collected and this signal is used to drive 
the locking electronics that changes the laser frequency to keep the Fabry- 
Perot resonating. The measurement will be performed by phase detection, 
since the magnetic field is pulsed. 

To achieve a maximum in sensitivity, the project demands a transverse 
magnetic field as high as possible. This can only be obtained using pulsed 
magnet techniques. Moreover, a magnetic field region as long as possible is 
required, since the QED effect depends on the product _B^L, where L is the 
length of the magnetic field region. The goal is to realize a pulsed magnet 
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Fig. 14. Schematic view of the X-coil used in BMV 



delivering a transverse magnetic field approaching 25 T. Due to the high field 
value the structure of the magnet is very constraint. In particular, at this 
field level, the magnetic pressure corresponds to 250 MPa (2.5 1 cm~^). Pulsed 
magnets that can provide such high fields have already been developed and 
tested, based on the X-coil geometry shown in Fig. 14. The length of the coil 
is 0.25 m, providing a peak field of 14.3 T corresponding to about 28 m (see 
Fig. 15). This is one of the highest field strengths ever reached with such a 
configuration. One of the prototype coils has been aged at a duty cycle of 
about 5 pulses per hour. It has delivered 100 pulses at a peak field of 11.5 T 
and 100 pulses at a peak field of 12.5 T, corresponding to about 21 m. 
The magnet will be supplied by a pulsc;d gxuierator based on a bank of 12 
capacitors. In particular, this generator will be able to produce a single pulse 
or to give a field that oscillates. 

As far as the optical system is concerned, a system of high precision me- 
chanical translators and rotators for the Fabry-Perot cavity mirrors and for 
the polarizers has been designed and assembled at LCAR in Toulouse. The 
piezoelectric stacks of the mirrors orientation system, as well as the mech- 
anism allowing their rotation are adapted to ultra-high vacuum. Tests have 
been carried out with a vertical 3.6 m long Fabry-Perot cavity based on the 
LMA mirrors, made to reach a finesse around 5 x 10'"'. Figure 16 shows a 
schematic drawing of the experiment with the Fabry-Perot resonator, the 
magnetic field region, and two cryostat. The chambers for the optics operated 
at a ultra high vacuum, are fixed on an optical table with a length of 3.6 m. 
The length of the cavity is about 2 m. 
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Fig. 15. Magnetic field delivered by the X-coil depending on time and for different 
supply voltages 




Fig. 16. Schematic view of the experimental set up of the BMV project 



2006 was a crucial year for the project. In May that year the experiment 
will start to be set up at LNCMP. First with just one magnet in place, then, 
when test runs will be completed, with two magnets in place. This configura- 
tion corresponds to 40 m. A new set of mirrors is in preparation at LMA. 
The clean environments, already used at LCAR, moved in the experimental 
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Fig. 17. Limits on the inverse couphng constant Ma in the nia vs. Ma plane for 
an axion-like particle given for one day of operation (20 magnet pulses) assuming a 
zero ellipticity measurements 



clean room at LNCMP will allow to exploit at their best these new mirrors. 

Finesse greater than 200 000 is expected. The sensitivity should also be at 
least 10^* X l/^/lHz), thanks to the high central frequency of the modulated 
effect. 

Fig. 3.2 represents the exclusion region in the ma vs. the inverse coupling 
constant Ma plane, given for one day of operation (20 magnet pulses) and as- 
suming a zero ellipticity measurement, based on the experimental parameters 
given above. The red curves indicate the Brookhaven (BFRT) result (35), the 
blue line the BMV projected result, and finally the black cross the region of 
values that could explain the PVLAS results. This interpretation would thus 
be excluded by a zero ellipticity measurement with the BMV setup. 

The OSQAR experiment at CERN (2-in-l Experiment) 

Because of the strong transverse magnetic field, required to obtain measurable 
effects, an ideal implementation to investigate simultaneously the magneto- 
optical properties of the quantum vacuum and the photon regeneration effect, 
are within long superconducting accelerator dipolar magnets, such as the ones 
developed and manufactured for the Large Hadron Collider (LHC). The re- 
use of recently decommissioned 15 m long twin aperture LHC superconducting 
magnet prototypes, providing a transverse magnetic field B = 9.5 T, offers a 
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Fig. 18. Cross section of a LHC superconducting main dipole magnet housed inside 
its cryostat 

unique opportunity for the construction of a new powerful two-in-one ex- 
periment, based on optical techniques (48). The cross section of such dipole 
magnet is shown in Fig. 18. 

Linearly polarized laser light beams will be used as probes inside vac- 
uum chambers housed inside superconducting magnet apertures. One of the 
apertures will be dedicated to the measurements of the Vacuum Magnetic 
Birefringence (VMB) and optical absorption anisotropy whereas the other 
one will be used to detect the photon regeneration from axions or axion-like 
particles using an invisible light shining through a wall. The availability of 
several decommissioned LHC superconducting magnet prototypes at CERN, 
offers the opportunity of possible upgrades for the proposed experiments, each 
of them improving the sensitivity by increasing the vacuum light pass in the 
transverse magnetic field with the connection of additional magnets. 

Measurement of the Vacuum Magnetic Birefringence (VMB) 

A first version of the experimental configuration, to measure very small optical 
birefringence, was proposed by (48) and is shown in Fig. 19. It is based on 
a Fabry-Pcrot cavity of finesse equal to 10'^ 10* and a novel measurement 
method, using a double path of light through a half-wave plate, mounted 
in a high-speed rotation stage. The initial linear polarization state of the 
laser beam can be modulated typically in the kHz range. After the second 
pass through the half-wave plate, the laser beam will retrieve to the first 
order, its linear polarization state with the small VMB rotation angle, induced 
by the vacuum and submitted to the transverse B field inside the optical 
cavity. Then a quarter-wave plate will convert the quasi-linear polarized laser 
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Fig. 19. Optical scheme for the measurements of the vacuum magnetic birefringence 
adapted from (48) with inputs from D. Romanini and L. Duvillaret 

beam coming out from the cavity into a quasi-circular one. Finally, a polarizer 
will ensure a linear and optimal conversion of the induced ellipticity into 
a power modulation of the laser beam. By replacing the half-wave rotating 
plate with an electro-optic modulator, it can be expected to work in the 
MHz range for the modulation and the detection. This constitutes one of the 
alternative solutions studied at present to improve the VMB measurements. 
For the phase- 1 of this project, the sensitivity is expected to reach the state of 
the art, i.e., 10~® — 10~* rad/\/Hz. An improvement of at least two orders of 
magnitude of the present reference results given by the BFRT collaboration 
(51), concerning the VMB and absorption anisotropy, is expected together 
with the measurement for the first time of the QED prediction (48). 

The Photon Regeneration Experiment 

To complement and cross-check the VMB measurements, the photon regen- 
eration experiment will be integrated in the second aperture of the 15 m long 
LHC superconducting magnet. The principle of this experiment is schema- 
tized in Fig. 20. A high finesse Fabry-Perot cavity, inserted inside a part of 
the dipole magnetic field region, is used as an axion source and a photomulti- 
plier with a proper magnetic shield, or an avalanche photodiode, as an optical 
detection system. The optical barrier will intercept all photons not converted 
into axions and the detection of any photon at the same wavelength as the 
laser beam can be interpreted as an axion to photon reconversion inside the 
regeneration region. A chopper can be used for a synchronous photon count- 
ing with the chopped laser beam, to improve the background rejection. When 
the magnetic field is switched off, the same measurements can be repeated to 
detect the possible mixing effect between photons and paraphotons. 
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Fig. 20. Scheme of the photon regeneration experiments 



With a Nd:YAG laser, an optical beam power as large as 100-1000 W can 
be obtained at the wavelength A = 1064 nm. The optimum for the photon 
regeneration experiment is obtained for an optical cavity and a regeneration 
region both immersed in the same magnetic field integral. Assuming as a first 
step the use of a single LHC dipole with a 7m long regeneration region and 
an optical cavity with a finesse of lO'^-lO^ of the same length, the photon 
counting rate given by the BFRT collaboration (51) can be improved by a 
factor of about 10®. This corresponds to a limit for the coupling constant 
to two photons 1/M of about 10~^GeV~^, i.e., an improvement by more 
than 2 orders of magnitude with respect to the BFRT results. The lost of 
coherence in the axion to photon conversion will prevent to probe axions with 
a mass typically larger than 0.4 meV at the lower value of 1/M. During the 
preparatory phase of this photon regeneration experiment, the focus will be 
given to the check of PVLAS results (52). Preliminary estimates show, that 
this objective can be achieved at 95% confidence level with an integration 
time of about 1 hour, assuming 1000 reflections in a cavity of 1 m long in a 
9 T field and an optical power of about 1 W. 



4 Search for Kaluza-Klein Axions with TPCs 

Higher dimensional axionic theories that include d extra spatial dimensions 
to the (3 + 1) dimensions of the Minkowski space-time predict, that the axion 
field can propagate in these additional dimensions (see Chap. ?? for an in- 
troduction). An important consequence of such so called Kaluza-Klein (KK) 
axion models would be, that the axion field would decouple from the Peccei- 
Quinn energy scale and aquire an infinite tower of mass eigenstates. The mass 
spacing between individual eigenstates would then be cx l/R, where R is the 
compactification radius of the extra dimensions. For the corresponding axion 
mass eigenvalues then follows 

Ti 

rriao ~ mpQ and man ~ ^ with n 1, 2, 3, . . . . (35) 
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Fig. 21. Feynman diagram for axion production by photon coalescence (left) and 
the PrimakofF effect (right) 



Taking actual limits on the Peccei-Quinn scale into account, the lifetime of 
the Peccei-Quinn axion with respect to a a —> 77 decay calculates from 

_ 647r 

to 10^'' years ^ Ta ^ 10^^ years, which is several orders of magnitude longer 
compared to the age of our imivcrse (13.7 x 10^ years (61)). Particles which 
decay with such long lifetimes are not observable with actual experimental 
techniques. Taking (35) and (36) into account and setting rua = ruao, it is 
obvious that the lifetime of the more massive KK-axion states is significantly 
shorter, e.g., we get a lifetime of 2.7 x 10^ years < 2.7 x 10^^ years for the 
10 keV mode. In this case, the experimental observation of the axion di-photon 
decay becomes feasible, as will be shown in the following sections. 



(36) 



4.1 Gravitationally Trapped Solar KK-Axions 

A potential source of KK-axion would be the hot plasma of the Sun, were 
axions can be produced by either the Primakoff conversion or photon coales- 
cence (see Fig. 21). The total solar axion luminosity from both contributions 

is given by (64) 

with a normalization factor A {A = 0.067/0.12 for axions produced by photon 
coalescence/Primakoff effect), the solar luminosity Lq, and the number of 
extra dimensions S. Most of these axions would freely stream out of the Sun 
and leave the solar system before they decay. Nevertheless, a small fraction of 
axions would have velocities smaller than the escape velocity ?;esc and could be 
trapped in the gravitational potential of the Sun. These trapped KK-axions 
would revolve the Sun on Keplerian orbits as shown in Fig. 22 until they decay. 
Since axions produced by the Primakoff effect are relativistic {v » Wesc), their 
contribution to the overall number density of trapped axions is by a factor of 
10^ smaller compared to axions produced by photon coalescence. Depending 
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on the KK-axion lifetime Ta the number density of trapped axions would 
evolve with time according to (64) 

Na{t) = RaTa{l - exp"*/-") , (38) 

where Ra is the axion production rate. From (38) the present KK-axion num- 
ber density can be calculated depending on the distance to the Sun, as well 
as the axion number density we would expect on Earth today. The resulting 
mass spectrum of trapped KK-axions is shown in the left part of Fig. 23 for 
both production processes. Assuming that KK-axions decay into two coinci- 
dent photons with identical energy = ma/^, the decay spectrum is given 
by (63) 

dR gl 



where f{ma) is the trapped axion mass spectrum and rig the present total 
KK-axion number density. The right part of Fig. 23 shows the axion decay 
spectrum resulting from (39) on Earth depending on energy. Integrating over 
all energies, yields a total KK-axion decay rate of 
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Fig. 23. Left: Mass spectrum of KK-a^xions trapped in the gravitational potential 
of the Sun which cross the orbit of the Earth. The solid line represents the mass 
distribution for axions produced via photon coalescence and the dashed line the 
mass distribution for axions produced via the Primakoff effect. Please note that the 

area of both distributions is normalized to unity. Right: The corresponding X-ray 
spectrum resulting from axion to two photon decay of axions produced via a) photon 
coalescence and b) the Primakoff effect (adapted from (64)) 

i^ = 2.5xl0-(^)'(^)m-3day-. (40) 



4.2 KK-Axion Detection with Large TPCs 

The possibility that such a local axion population exists, motivates an exper- 
imental search for KK-axions. To estimate the minimum sensitivity necessary 
to be able to observe KK- axion decays, the expected axion di-photon decay 
rate can be calculated from (40). Assuming a local axion number density of 
no = 10"in-3 and ga^,-,. = 9.2 x 10-"GeV"^ (see (62; 64) for details), an 
axion decay rate of i? = 0.21m~3day~^ is expected. It is obvious from this 
estimate that a detector with a large sensitive volume and low background 
is rcqiiired in order to be sensitive to the resulting low count rates. In ad- 
dition the detector must be able to separate the two coincident axion decay 
photons with an energy of = ma/ 2 » fewkeV which are emitted back 
to back. Solid and liquid state detectors like Nal, Ge, or Xe are disfavored 
for this purpose. The mean free path of X-rays in, e.g., Ge is of the order of 
a few )a.TO, consequently the decay photons would be indistinguishable from 
the detector background. Instead, a large volume Time Projection Chamber 
(TPC) operated underground and at low pressure similar to the DRIFT II 
detectors (65) would be an ideal system for such an experiment. In (63) the 
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Fig. 24. Sensitivity estimate for a 1 m'' TPC detector operated with CS2 as gas 
for different detector shield configuration. In addition exclusion contours from as- 
trophysical considerations are shown. The parameter range predicted from the solar 
KK-axion model of (64) is marked by the black box (adopted from (63)) 

sensitivity and background rejection efficiency has been estimated based on 
Monte-Carlo simulations for a 1 m'^ DRIFT II type detector operated with 
CS2 as detection gas. The resulting sensitivity is shown in Fig. 24 for realistic 
KK-axion model parameters and for different detector configurations. Accord- 
ing to these results, a DRIFT II type TPC detector shielded with 15 cm Pb 
would be sufficient, to fully probe the predicted parameter range of the model 
presented by (64) (the range of the model parameters is indicated as a black 
box in Fig. 24). At present it seems feasible to realize a detector system at 
moderate cost by upgrading a DRIFT II detector similar to the one shown in 
Fig. 25. This would require additional shielding and a better spatial resolution 
of the detector in order to reduce the detector background and to be able to 
spatially resolve the secondary electrons produced by the two KK-axion decay 
photons. 

5 Collider Bounds on Scalars and Pseudoscalars 

If pseudoscalar particles couple to photons and gluons, it is possible to con- 
straint their couplings and mass by looking at processes where a pseudoscalar 
particle is involved. The processes we consider here are e~^e~ — > 7-I- for 
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Fig. 25. Image of the DRIFT II detector during installation in the Boulby under- 
ground laboratory 



e+e~ colliders, and pp or pp — > single jet + for hadron colliders. One char- 
acteristic of the dimension five amplitudes considered here is that the cross 
section is independent of the center of mass energy at high energies. This 
follows from a dimensional analysis: the interaction g(j)F A F, where ^ is the 
pseudoscalar field, has a coupling constant g with a dimension of inverse mass. 
Therefore 2^2 processes, involving the production of a single particle, will 
have a cross section 

^=9'fis/t), (41) 

where f{s/t) is a function which depends only on the angle. Specifically, the 
couplings we are interested are the following 

for gluons, and 

L oc^cf F^^F''\ (43) 

for photons. Hadron colliders are more effective in providing limits for axion- 
gluon couplings and e+e" colliders for axion-photon couplings. 



5.1 Bounds from Hadron Colliders 

Here the results for a two experiments in hadron colliders are summarized, 

for a more detailed analysis wc refer to (53). Using the data from the D0 
experiment at Fermilab a bound on / can be set to 
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Fig. 26. Exclusion plots in the Qa-f-y versus nia parameter space. Limits derived 
with different experimental techniques are shown. Limits from DAMA, SOLAX, 
and COSME are denoted as "Bragg Reflection" (24; 25; 26). In addition, the best 
limits from laser experiments, microwave cavity experiments, telescope searches, 
helioscope searches marked as "Lazarus et al.", "Tokyo Helioscope", and CAST 
(5; 8; 11; 13; 12), and the best astrophysical limits are shown (19; 20). The region 
predicted by theoretical models is marked as "Axion Models" {E/N — 1.95). The 
vertical line "HDM" indicates the hot dark matter limit for hadronic axions (66) 



/ > 35 GeV . (44) 

As for future and ongoing experiments, the Large Hadron Collider (LHC) at 
CERN is expected to improve the bound on / to 

/lhc > 1300 GeV . (45) 



5.2 Bounds from e+e Colliders 

More interesting are the limits that can be obtained for the photon coupling 
to axions in e"*"e~ colliders. Several experiments during the past and future 
have been analyzed to determine the bound which could be obtained assum- 
ing the data are consistent with the standard model backgrounds. A bound 
Qa-f-y < 5.5 X lO^^GcV^^ was obtained using e+e^ collider data from ASP 
(54) (55). Since the amplitudes are independent of energy, the bounds can be 
improved mainly by increasing the total luminosity. An analysis of the com- 
bined data from LEP at ALEPH, OPAL, L3, and DELPHI would yield the 
more restrictive bound: 
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Qaj-y < 1.5 X 10-^ GeV-'^ , (46) 

for < 65 MeV. For the PEP-II e+e~ collider, current integrated luminosity 
gives 

.ga77(PEPII) < 8.9 X lO"*^ GcV"^ , (47) 

for < 0.12 GeV. A similar bound can be obtained from KEKB e+e~ 
collider. With the current integrated luminosity the bound would be 

,ga77(KEKB) < 8.2 x 10"^ GeV"^ , (48) 

for < 0.13 GcV. The expected total luminosity for KEKB is at least twice 
the current total, which would improve the boimd to ga-yy < 5.9 x 10~^ GeV"""^. 
Finally, for the Super KEKB upgrade to KEKB is expected to produce 
10^ pb^^ per year. After two years, this would improve the bound to 

.ga77(KEKB) < 1.9 x 10"*^' GeV"^ , (49) 

which would rule out most of the parameter space favored by PVLAS. 

6 Summary and Outlook 

In this paper we reviewed different experimental searches for axions and axion- 
like particles which are actually running or planned to take date in the near 
future. Already existing upper limits on the axion to photon coupling strength 
Qaj-y in the mass range of 1 x lO"-'^" eV < nia ^ 1 x 10^ cV derived with different 
experimental techniques are summarized in Fig. 26. In addition the parameter 
range that can be derived from the PVLAS result is indicated by a rectangular 
box marked as "PVLAS" . 

It was not our intention to give a complete review of all existing exper- 
imental techniques to search for axions, this would be beyond the scope of 
an article like ours. Instead, we focused on the topics which were addressed 
during the Joint ILIAS-CAST-CERN Axion Training at CERN. The common 
factor of all experiments is the inspired techniques used, which are extremely 
challenging and innovative. 

The fact that the PVLAS collaboration has reported a positive signal that 
could be interpreted as a signature of an axion-like particle has boosted a 
race, to build a new set of laser-based experiments. We are convinced that the 
following years are going to be very exciting. 
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